Multi-phase (more than three-phase) motor drive systems have attracted much attention in recent years due to some inherent advantages which they offer when compared to the three-phase counterpart. Presently the grid power available is only limited to three-phase so the supply to multi-phase motors is invariably given from power electronic converters. Thus the paper focuses on the inverter controlled five-phase induction motor drive system for variable speed applications. The paper presents inverter control method for five-phase variable speed induction motor drives. The proposed solution may be employed in the applications not requiring very precise position and speed control such as water pumping especially in weak grid system with poor power quality. The inverter is operated in different operating modes with conduction angle varying from 180° to 108° conduction modes and the performance is evaluated in terms of the harmonic contents in the output phase voltages . It is shown that optimum performance is achieved by operating inverter at 144° conduction mode. Experimental and analytical results are included in the paper.
Introduction
Variable speed electric drives predominately utilise three-phase machines. However, since the variable speed ac drives require a power electronic converter for their supply (in vast majority of cases an inverter with a dc link), the number of machine phases is essentially not limited. This has led to an increase in the interest in multi-phase ac drive applications, since multi-phase machines offer some inherent advantages over their three-phase counterpart. Interesting research results have been published over the years on multi-phase drives and detailed review is available in Singh (2002) , Jones and Levi (2002) , Bojoi et al. (2006) , Levi et al. (2007) , Levi (2008a) and Levi (2008b) . Major advantages of using a multi-phase machine instead of a three-phase machine are higher torque density, greater efficiency, reduced torque pulsations, greater fault tolerance, and reduction in the required rating per inverter leg (and therefore simpler and more reliable power conditioning equipment). Noise characteristics of multi-phase drives are better when compared three-phase drive as demonstrated by Hodge et al. (2002) and Golubev and Ignatenko (2000) . Higher Phase number yield smoother torque due to the simultaneous increase of the frequency of the torque pulsation and reduction of the torque ripple magnitude, as presented byWilliamson and Smith (2006) and Apsley (2006) .
Higher torque density in a multi-phase machine is possible because fundamental spatial field harmonic and space harmonic fields can be used to enhance total torque as presented by Xu et al. (2001a) and Xu et al. (2001b) , Shi et al. (2001) , Lyra and Lipo (2002) , Duran et al. (2008) and Arahal and Duran (2009) . This advantage of enhanced torque production stems from the fact that vector control of the machine's flux and torque, produced by the interaction of the fundamental field component and the fundamental stator current component, requires only two stator currents (d-q current components). In a multi-phase machine, with at least five phases or more, there are therefore additional degrees of freedom, which can be utilised to enhance the torque production through injection of higher order current harmonics. The stability analysis of five-phase drive system for harmonic injection scheme is carried out by Duran et al. (2008) for both concentrated winding and distributed winding machines. It was concluded that the 3 rd harmonic injection not only enhances the torque production but also offers a more stable control structure. The studies on multi-phase drive system carried out so far is for high performance variable speed applications. Multi-phase drive is seen as a serious contender for niche applications such as ship propulsion, traction, electric vehicles and in safety critical applications requiring high degree of redundancy. However, general purpose drive applications using multi-phase machines are not yet investigated in detail. This paper advocates the use of a five-phase drive system for general purpose applications such as water pumping in remote and weak grid locations where the power quality is not adequate for operating sophisticated microprocessor based controllers due to their stringent power quality requirements. Further, the costs of such high performance drive systems are too high to be borne by poor farmers in remote locations. The question then arises why five-phase drive is at all required not conventional three-phase drive. The answer lies in the fault tolerant characteristic, reliable and higher efficiency of five-phase drive compared to three-phase drive (detailed by Apsley et al. (2006) , Arhal and Duran (2008) ). The power electronic converters supplying multi-phase drives are controlled using advanced digital signal processors (DSP) and Field programmable Gate Arrays (FPGA). Many modulation techniques implemented using DSPs and FPGAs are proposed in the literature for controlling the multi-phase power electronic converters, Iqbal and Levi (2005) . In contrast this paper proposes simple, reliable and cheap controller circuit using analogue components and square wave operation of a five-phase voltage source inverter (VSI). In environment of weak grid with poor power quality, stepped operation of voltage source inverter may be considered as more viable solution in comparison to PWM mode. This paper thus analyses the performance of a five-phase induction motor drive supplied by a five-phase VSI operating in square wave mode. Conduction angle is varied from 180° leading to ten-step operation to 108°. A detailed comparison of inverter performance on various conduction angles is elaborated. It will be shown that a trade off exist between the fundamental output voltage and their harmonic content. Analytical, simulation and experimental results are provided.
The paper is organised in ten different sections; first section details the literature review and laid down the need of the proposed drive topology, modelling of a five-phase VSI is illustrated in the second section, third section elaborates the proposed five-phase induction motor drive structure. Fourth section describes the gate drive circuit for the five-phase VSI and fifth section discusses the experimental results obtained for testing of the fabricated inverter, the analysis of results, and compares the magnitude of torque pulsation in a three-phase and a five-phase drive system then sixth section concludes the finding followed by the references.
Modelling of a five-phase VSI-review
Power circuit topology of a five-phase VSI, is shown in Figure 1 . Each switch in the circuit consists of two power semiconductor devices, connected in anti-parallel. One of these is a fully controllable semiconductor, such as a bipolar transistor or IGBT, while the second one is a diode. The input of the inverter is a dc voltage, which is regarded further on as being constant. The inverter outputs are denoted in Figure 1 with lower case letters (a,b,c,d,e) , while the points of connection of the outputs to inverter legs have symbols in capital letters (A,B,C,D,E), The shift between each phase voltage is (360 /5)=72 . Since the phase voltages in a star connected load sum to zero, summation of the equations (1) yields
Substitution of (2) into (1) yields phase-to-neutral voltages of the load in the following form:
Five-phase drive structure
A simple open-loop five-phase drive structure is elaborated in Figure 2 . The dc link voltage is adjusted from the controlled rectifier by varying the conduction angles of the thyristors. The frequency of the fundamental output is controlled from the IGBT based voltage source inverter. The inverter is operating in the quasi square wave mode instead of more complex PWM mode. Thus the overall control scheme is similar to a three-phase drive system. Since the inverter is operating in square wave mode the analogue circuit based controller is much simpler and cheaper compared to more sophisticated digital signal processor based control schemes. This type of solution is very cheap and convenient for use in coarse applications such as water pumping. These types of applications do not require fast dynamic response of drive systems and thus the need of high performance control schemes do not arise. The power quality of the remote locations in developing countries such as Indian subcontinents are not adequate for reliable and durable operation of sensitive microprocessors/microcontrollers/digital signal processors based controllers. It is thus intended to develop cheap and robust controller based on simple, and reliable analogue circuit components for such locations. The subsequent section describes the implantation issues of control of a five-phase voltage source inverter. The motivation behind choosing this structure lies in the fault tolerant nature of a five-phase drive system (Apsley et al., 2006) . 
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To test the stepped operation in various conduction modes, a five-phase IGBT based prototype inverter is built in the laboratory, the block diagram of the control circuit of the Inverter is presented in Figure 3 .
Phase Shifting Circuit

230V 50Hz
9-0-9V Electric supply is taken from a single-phase grid and is converted to 9-0-9 V using a transformer, which is fed to the phase shifting circuit, to provide appropriate phase shift (i.e. 72 between each phase) for operation at various conduction angles. Here the phase shift is achieved at 50 Hz. However, for other than 50 Hz the required phase shift can be achieved using variable resistances in RC network of phase shifting circuit. The phase shifted signal is then fed to the inverting/non-inverting Schmitt trigger circuit and wave shaping circuit block which contains zero crossing detector. The processed signal is then fed to the isolation and driver circuit which is then finally given to the gate of IGBTs. There are two separate circuits for upper and lower legs of the inverter. NOT gates are not used to give complemented gate drives for lower leg devices, because complement of 144 is 216 i.e. lower devices shall be 'ON' for 216 .
Results and discussion
1. Five-phase VSI testing
Experiment is conducted for stepped operation of five-phase voltage source inverter with 180° (classical) and 144° (proposed) conduction modes for star connected five-phase resistive load at first. A single-phase supply is given to the control circuit through the phase shifting network. The output of the phase shifting circuit provides the required five-phase output voltage by appropriately tuning it as shown in Figure 4 . These five-phase signals are then further processed to generate the pulses to the gate drive circuit. It is important to emphasise here that the poor power quality of the supply can be seen from the distorted waveforms of Figure 4 . This is the power quality available in the laboratory setup, and thus the importance of the proposed solution can be understood at the remote locations. 
1.1. 180° Conduction mode
Each switch is assumed to conduct for 180°, leading to the operation in the ten-step mode. Phase delay between firing of two switches in any subsequent two phases is equal to 360°/5 = 72°. The corresponding phase voltages thus obtained are shown in Figure 5 , keeping the dc link voltage at 60 V. The waveform is in ten step and is in full compliance with the finding of Ward and Harer (1969) . There are two systems of line voltages in a five-phase system namely adjacent and non-adjacent with phase shifts of 72° and 144°, respectively. Adjacent line voltages have lower magnitudes compared to the non-adjacent line voltages. Non-adjacent line voltage thus obtained is shown in Figure 6 . All currents are measured using ac/dc current probe giving output of 100 mV/A. 
1.2. 144° conduction mode
The gate drive signal is such that each power switch remains on for 144° (or 80% duty cycle) and remains floating for 36° (or 20% duty cycle). This mode thus provides an inherent dead band in the switching of two power switches of the same leg. The output from the wave shaping circuit and the gate drive for two legs are shown in Figure 7 and Figure 8 , respectively. The corresponding phase-to-neutral output voltage for phase 'a' is shown in Figure 9 . Non-adjacent line voltage is presented in Figure  10 . 
2. Harmonic profile and torque pulsation reduction
2.1. Inverter output waveform analysis
This section presents the comprehensive analysis of experimental results. The performance of two different conduction modes are elaborated in terms of the harmonic content in the phase voltages, line voltages and the distortion in the ac side line current. The Fourier series of the phase-to-neutral voltage for 180° conduction mode is obtained as; 
The Fourier series of the phase-to-neutral voltage for 144° conduction mode is obtained as;
From (6) it follows that the fundamental component of the output phase-to-neutral voltage has an RMS value equal to
The loss in fundamental voltage in 144° conduction mode is of the order of 4.89% compared to 180° conduction mode. This loss will affect the loss of torque in the driven machine and subsequently the laod will be affected. However, the drop in the torque is not very significant compared to the benefits obtained due to better harmonic performance. The harmonic analysis of, line voltage and input ac side line current is carried out for different conduction modes and the resulting waveforms are shown in Figures 11-14 . The input side AC current of converter contains odd and even harmonics (Figure 14) for 144˚ conduction mode while a typical spectrum is depicted for 180˚ conduction mode. Performance comparison in terms of harmonic content in output phase voltage, output non-adjacent line voltage and input ac side current for different conduction modes are presented in Figures 15-17 . It is clearly seen that the harmonic content reduces significantly with reduction in conduction angle. The harmonic content is largest in 180 degree conduction mode and it is least in 144 degree conduction mode. However, the best utilisation of available dc link voltage is possible with conventional ten step mode (180 degree conduction mode). It can thus be concluded that a trade-off exist between the loss in fundamental and corresponding gain in terms of lower harmonic content in output waveform is obtained by using 144 degree conduction mode. A comparison of total harmonic distortion in the output phase voltages of five-phase voltage source inverter for different conduction angle is presented in Figure 18 . The conduction angles considered are 180°, 162°, 144°, 126°, and 108°. Thus two more conduction states are included when compared to Figure 16 and Figure 17 , to further prove the superiority of control at 144° conduction mode. It is observed from Figure 18 that the lowest THD is obtained for 144° conduction mode. 
Comparison of Harmonics and THD
2.2 Five-phase induction motor drive using the quasi square wave 5.2.2.1180 degree Conduction Mode
A Five-phase induction motor is supplied using the custom built five-phase inverter operating at 180˚ conduction mode and the dc link voltage is set to 200 V. The motor is allowed to run at one speed corresponding to 50 Hz output. The resulting non adjacent line voltage and the line current is depicted in Figure 19 
degree Conduction Mode
The five-phase induction motor is further tested with the inverter operating at 144˚ conduction mode. The resulting line voltage and current waveforms are presented in Figure 22 . The corresponding harmonic spectrum are shown in Figures 23 and 24 . 
2.3. Torque pulsation comparison
Pulsating torques are produced in an induction motor drive system when harmonic current interact with the fundamental air gap flux and also when the harmonic air gap flux interact with the fundamental rotor current, Bose (2002) and Krishnan (2001) . The pulsating torques causes undesirable effects in the drive system by producing losses, vibration and noise. A quantitative assessment of torque pulsation in a three-phase drive and five-phase drive for stepped operation is done and presented in this section.
Three-phase drive
The predominant harmonics in a three-phase induction motor drive are 5 th and 7 th , with 5 th being backward rotating and 7 th being forward rotating both leading to 6 th harmonic pulsating torques, Bose (2002) and Krishnan (2001 
An expression is derived for the sixth harmonic pulsating torque in terms of fundamental voltage and equivalent circuit parameter and is obtained as; is the equivalent leakage reactance and P is the number of poles of induction machine
Five-phase drive
The predominant harmonics in a five-phase machine are 9 th and 11 th , with 9 th being backward rotating and 11 th being forward rotating both leading to 10 th harmonic torques, Iqbal et al. (2008) . The detailed derivation of the torque pulsation is presented in Appendix 1. The tenth harmonic pulsating torque for 180° conduction mode is obtained as; 
Where; The relations (13-15) show, there is reduction in torque ripples in five phase motor at 144° conduction mode by 10% (approx) when compared with 180° conduction mode of five phase motor, 700% when compared with 180° conduction modes of five phase motors, and 778% when compared with 180° conduction mode of three phase motor and 144° conduction mode of five phase motor.
Conclusion
The paper presents a solution of electric drive system supplied from weak grid with poor power quality. The proposed solution lies in the use of inverter fed five-phase induction motor drive system with stepped operation of the inverter. The inverter is proposed to operate in newly proposed 144˚ conduction mode. This offers better harmonic performance and thus lower losses, higher efficiency and better running cost. A comparison in torque pulsation is also presented which suggest significant reduction in torque pulsation by adopting the proposed 144˚ conduction mode. Analytical and experimental approach is used to validate the findings. The above equation is the defining equation of the tenth harmonic pulsating torque as given in equation (9). After substituting the equations for V 11 (magnitude of the eleventh harmonic voltage component), the following equation results; 
After substituting the flux and current relations from A3 to A2, the equation can be written as; Similarly the tenth harmonic torque pulsation for 144° conduction mode in a five-phase induction motor drive is derives as; 
